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1
VACCINES AGAINST BORDETELLA
PERTUSSIS BASED ON LPS
GLYCOSYLTRANSFERASE MUTANTS

FIELD OF THE INVENTION

The invention relates to an improved vaccine against per-
tussis comprising mutants of Bordetella pertussis having a
modified LPS molecule and/or the .PS molecules obtainable
from these mutants. These mutants and/or the obtainable LPS
molecules may further be used as an adjuvant.

BACKGROUND OF THE INVENTION

LPS is an amphiphilic molecule located in the outer leaflet
of the outer membrane of Gram-negative bacteria. LPS pos-
sesses both endotoxic activity and adjuvant activity. Both
properties are based upon its recognition by the host TL.LR4/
MD-2 receptor complex (reviewed in Palsson-McDermott
and O’Neill, 2004; O’Neill, 2006). LPS consists of three
distinct structural domains: lipid A, the core, and the O-anti-
gen. Lipid A functions as a hydrophobic membrane anchor
and forms the bioactive component of the molecule (Takada
and Kotani, 1989). The core region consists of a complex
oligosaccharide, which, as compared to the O-antigen, shows
only limited structural variability. In some bacteria, e.g.,
Enterobacteriaceae, the core oligosaccharide (core OS) can
be divided into an inner core and an outer core. The outer core
primarily consists of pyranosidic hexoses, e.g., D-glucose,
D-galactose, and D-glucosamine, whereas the inner core pri-
marily consists of octulosonic acids and heptopyranoses. In
the vast majority of Gram-negative bacteria, the core domain
is connected to the lipid A domain by a specific carbohydrate,
2-keto-3-deoxyoctulosonic acid (Kdo) (Raetz and Whitfield,
2002). The O-antigen comprises the most variable part of the
LPS and confers bacteria serotype specificity. It is composed
of repeating sugar subunits of one to eight sugars. Each
O-chain can contain up to 50 of these subunits. The O-antigen
has been implicated in bacterial immune escape, especially
the escape from serum complement-mediated lysis (Raetz
and Whitfield, 2002).

In contrast to the LPS of Bordetella bronchiseptica and
Bordetella parapertussis, the LPS of Bordetella pertussis
never contains an O-antigen domain (Peppler, 1984; Di Fabio
etal., 1992). Therefore, B. pertussis LPS is often referred to as
lipooligosaccharide. B. pertussis produces two dominant LPS
forms, band A and band B LPS (Peppler, 1984). Band B LPS
is composed of lipid A and a core oligosaccharide consisting
of'9 carbohydrates (Caroff et al., 2000). Addition of a terminal
trisaccharide, consisting of N-acetyl glucosamine, 2,3-diac-
etamido-2,3-dideoxy-mannuronic acid, and 2-acetamido-4-
N-methyl-2,4-dideoxy-fucose, to band B LPS forms the L.PS
referred to as band A.

In Escherichia coli and Salmonella enterica serovar Typh-
imurium, the core OS biosynthesis gene cluster consists of
three operons, designated the gmhD, waaQ), and WaaA oper-
ons. The gmhD operon consists of four genes, gmhD and
waaFCL, which are involved in the synthesis of the inner core
(Schnaitman and Klena, 1993). The gmhD, waaF, and waaC
genes encode proteins involved in the biosynthesis and trans-
fer of Heptoses I and II to Kdo,-lipid A (Schnaitman and
Klena, 1993), whereas the waal, gene product is a ligase that
is involved in the attachment of the O-antigen (MacLachlan et
al., 1991). The waaQ operon is the largest of the three operons
and encodes proteins that are involved in the biosynthesis of
the outer core and in modification/decoration of the core OS.
The number and types of genes present within in the waaQ
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operon differs per strain, which explains the strain-specific
differences in core composition (Heinrichs et al., 1998). The
waaA operon often encodes only one protein, KdtA. Only in
E. coli K-12, an additional non LPS-related open reading
frame (ORF) is present (Raetz and Whitfield, 2002). The
kdtA gene of Enterobacteriaceae encodes the bifunctional
Kdo transferase that adds the two Kdo residues in the Kdo,-
lipid A biosynthesis (Clementz and Raetz, 1991).

Although the Bordetella and E. coli core OS show some
resemblance, the exact composition and configuration of resi-
dues display marked differences. For example, the Bordetella
core OS contains only one Kdo residue, instead of the two or
three residues that are found in most other Gram-negative
bacteria, including E. coli. Recently, this was shown to be due
to the functioning of Bordetella KdtA as a monofunctional,
rather than as a bifunctional Kdo transferase (Isobe et al.,
1999). The enzymes responsible for the synthesis of the
remaining portion of the Bordetella core OS are currently
unknown and await further identification.

Although its lipid A part is generally seen as the main
determinant for the biological activity of LPS through the
activation of the TLR4/MD-2 receptor complex, the oligosac-
charide region can also play an important role in its interac-
tion with antigen-presenting cells (APCs). Receptors impli-
cated in this type of LPS recognition include the complement
receptor CR3 and the scavenger receptor SR-A (van Amers-
foort et al., 2003; Pliiddemann et al., 2006).

Several Bordetella pertussis vaccines were already used.
Introduction of whole-cell pertussis (wP) vaccines in the
1940s and 1950s, and later of acellular pertussis (aP) vaccines
in the 1980s and 1990s, led to a gradual decline in pertussis
incidence and reduced morbidity and mortality of the disease
to low levels. Despite high vaccination coverage, pertussis
disease has remained endemic and kept showing a cyclic
pattern with peaks in incidence every 2 to 5 years. During the
last two decades, several countries, including the Nether-
lands, have experienced increases in numbers of reported
pertussis cases. Interestingly, in some areas, a shift in age
distribution has also been observed. Whereas in the pre-vac-
cination and early vaccine era pertussis cases were predomi-
nantly reported in young children, adults and adolescents
have accounted for an increasing proportion of the cases in
recent years. Several reasons for the re-emergence of reported
pertussis have been proposed, including: (1) genetic changes
in circulating B. pertussis strains that decrease vaccine effi-
cacy, (2) reduced potency of pertussis vaccines, (3) waning
immunity, (4) increased reporting of pertussis cases, and (5)
the improved diagnosis of pertussis disease.

Therefore, there is still a need for new vaccines against
Bordetella pertussis which does not exhibit all the drawbacks
of the existing vaccines.

DESCRIPTION OF THE INVENTION

The present invention is based on the hypothesis that B.
pertussis mutants with an altered oligosaccharide chain might
be affected in their interaction with dendritic cells (DC)s.
Specific targeting to antigen presenting cells (APC)s, such as
DCs, could conceivably affect the outcome of the immune
response against a whole-cell pertussis vaccine. As a first step
towards improvement of whole-cell vaccines by this route,
we have now identified a gene cluster involved in LPS oli-
gosaccharide biosynthesis in B. pertussis. Especially two
genes within this cluster when inactivated or overexpressed
give mutants having an improved potentiality to interact with
and activate DC.

Polypeptides
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In a first aspect, the invention provides two polypeptides.

The first polypeptide is a polysaccharide deacetylase and
has an amino acid sequence with at least 50% identity with the
amino acid sequence of SEQ ID NO:1.

The second polypeptide is a glycosyltransferase and has an
amino acid sequence with at least 50% identity with the
amino acid sequence of SEQ ID NO:2.

The activity of the polysaccharide deacetylase respectively
of the glycosyltransferase polypeptide is preferably assessed
by overexpressing respectively inactivating the respective
encoded gene in a Bordetella pertussis strain as later defined
herein and analyzing the obtainable LPS. When the LPS
produced by the transformed Bordetella pertussis strain com-
prises at least detectable amounts of the LPS of the invention
as later defined herein, the polysaccharide deacetylase,
respectively the glycosyltransferase polypeptides would be
said to be active and functional. Detectable amounts of LPS
are preferably detectable as described in the examples: after
isolation with hot phenol/water extraction (Westphal and
Jann, 1965), O-deacylation by mild hydrolysis (Holst 2000)
and analysis by ESI-MS (Electrospray-ionization Mass spec-
trometry) in the negative ion-mode.

According to an even more preferred embodiment, the
polypeptide has at least 50%, 55%, 60%, 65%, 70%, 75%,
80% or 85%, even more preferably at least 90%, 92%, 95%,
97%, 98% or 99% identity with the amino acid sequence of
SEQ ID NO:1. In a most preferred embodiment, the polysac-
charide deacetylase has the SEQ ID NO:1. This polysaccha-
ride deacetylase originates from Bordetella pertussis. The
nucleic acid sequence coding for the amino acid sequence of
SEQ ID NO:1 is given in SEQ ID NO:3.

According to another even more preferred embodiment,
the polypeptide has at least 50%, 55%, 60%, 65%, 70%, 75%,
80% or 85%, even more preferably at least 90%, 92%, 95%,
97%, 98% or 99% identity with the amino acid sequence of
SEQ ID NO:2. In a preferred embodiment, the glycosyltrans-
ferase has the SEQ ID NO:2. This glycosyltransferase origi-
nates from Bordetella pertussis. The nucleic acid sequence
coding for the amino acid sequence of SEQ ID NO:2 is given
in SEQ ID NO:4. Percentage of identity is calculated as the
number of identical amino acid residues between aligned
sequences divided by the length of the aligned sequences
minus the length of all the gaps. Multiple sequence alignment
was performed using DNAman 4.0 optimal alignment pro-
gram using default settings. The alignment is usually per-
formed between sequences identified by their SEQ ID NO or
parts thereof. Preferably, the alignment is carried out using
sequences identified by their SEQ ID NO.

The skilled person will understand that the polypeptides of
the present invention could be obtained from other organisms
than Bordetella pertussis as long as they have the required
activity and identity. In a preferred embodiment, each
polypeptide as identified above is obtained from a Bordetella
species such as pertussis, bronchiseptica, parapertussis.
Most preferably, each polypeptide as identified above is
obtained from Bordetella pertussis. One single Bordetella
pertussis strain or several distinct Bordetella pertussis strains
may have several homologues polypeptides according to the
present invention.

According to another preferred embodiment, the polypep-
tide of the invention, is a variant of any one of the polypeptide
sequences as defined before. A variant polypeptide may be a
non-naturally occurring form of the polypeptide. A polypep-
tide variant may differ in some engineered way from the
polypeptide isolated from its native source. A variant may be
made by site-directed mutagenesis starting from the amino
acid sequence of SEQ ID NO:1 or from SEQ ID NO:2 or from
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the nucleic acid sequence encoding the amino acid sequence
of SEQ ID NO: 1, which is SEQ ID NO:3, or from the nucleic
acid sequence encoding the amino acid sequence of SEQ ID
NO:2, which is SEQ ID NO:4. Preferably, the polypeptide
variant contains mutations that do not alter the biological
function of the encoded polypeptide. Biological function or
activity of either the polysaccharide deacetylase or the gly-
cosyltransterase has already been defined herein.

In another aspect of the invention, there is provided a
polysaccharide deacetylase, respectively a glycosyltrans-
ferase as earlier defined both being for use for preparing a
medicament. Preferably said medicament is a vaccine or an
adjuvant as later defined herein.

Nucleic Acid Sequences

In a second aspect of the invention, there are provided two
nucleic acid sequences. The first one codes for a polysaccha-
ride deacetylase having an amino acid sequence with at least
50% identity with the amino acid sequence of SEQ ID NO:1,
preferably having the amino acid sequence SEQ ID NO:1,
and/or originating from a Bordetella species, preferably Bor-
detella pertussis.

The first nucleic acid sequence is preferably a nucleic acid
sequence having at least 50% identity with the nucleic acid
sequence of SEQ ID NO:3. Preferably, the identity is of at
least 55%, more preferably at least 60%, more preferably at
least 65%, more preferably at least 70%, more preferably at
least 75%, more preferably at least 80%, more preferably at
least 85%, more preferably at least 90%, even more prefer-
ably at least 95%, even more preferably at least 98% and even
more preferably at least 99%. Most preferably, the nucleic
acid sequence has the nucleic acid sequence of SEQ ID NO:3.
SEQ ID NO:3 corresponds to NP_8809668.

The second nucleic acid sequence codes for a glycosyl-
transferase having an amino acid sequence with at least 50%
identity with the amino acid sequence of SEQ ID NO:2,
preferably having the amino acid sequence SEQ ID NO:2,
and/or originating from a Bordetella species, preferably Bor-
detella pertussis.

The second nucleic acid sequence is preferably a nucleic
acid sequence having at least 50% identity with the nucleic
acid sequence of SEQ ID NO:4. Preferably, the identity is of
atleast 55%, more preferably at least 60%, more preferably at
least 65%, more preferably at least 70%, more preferably at
least 75%, more preferably at least 80%, more preferably at
least 85%, more preferably at least 90%, even more prefer-
ably at least 95%, even more preferably at least 98% and even
more preferably at least 99%. Most preferably, the nucleic
acid sequence has the nucleic acid sequence of SEQ ID NO:4.
SEQ ID NO:4 corresponds to NP_8809669.

Percentage of identity was determined by calculating the
ratio of the number of identical nucleotides in the sequence
divided by the length of the total nucleotides minus the
lengths of any gaps. DNA multiple sequence alignment was
performed using DNAman version 4.0 using the Optimal
Alignment (Full Alignment) program. The minimal length of
a relevant DNA sequence showing 50% or higher identity
level should be 40 nucleotides or longer. The alignment is
usually performed between sequences identified by their SEQ
ID NO or parts thereof. Preferably, the alignment is carried
out using sequences identified by their SEQ ID NO.

According to another preferred embodiment, the nucleic
acid sequence of the invention is a variant of any of the nucleic
acid sequences as defined above. Nucleic acid sequence vari-
ants may be used for preparing polypeptide variants as
defined earlier. A nucleic acid variant may be a fragment of
any of the nucleic acid sequences as defined above. A nucleic
acid variant may also be a nucleic acid sequence that differs
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from SEQ ID NO:3 or SEQ ID NO:4 by virtue of the degen-
eracy of the genetic code. A nucleic acid variant may also be
an allelic variant of SEQ ID NO:3 or SEQ ID NO:4. An allelic
variant denotes any of two or more alternative forms of a gene
occupying the same chromosome locus. A preferred nucleic
acid variant is a nucleic acid sequence, which contains silent
mutation(s). Alternatively or in combination, a nucleic acid
variant may also be obtained by introduction of nucleotide
substitutions, which do not give rise to another amino acid
sequence of the polypeptide encoded by the nucleic acid
sequence, but which corresponds to the codon usage of the
host organism intended for production of the polypeptide of
the invention. According to a preferred embodiment, the
nucleic acid variant encodes a polypeptide still exhibiting its
biological function as earlier defined herein. More preferably,
the nucleic acid sequence variant encodes a polypeptide
exhibiting polysaccharide deacetylase or glycosyltransferase
activity respectively. Nucleic acid sequences encoding such a
polypeptide may be isolated from any microorganism.

All these variants can be obtained using techniques known
to the skilled person, such as screening of library by hybridi-
sation (southern blotting procedures) under low to medium to
high hybridisation conditions with for the nucleic acid
sequence SEQ ID NO:3 or SEQ ID NO:4 or a variant thereof
which can be used to design a probe. Low to medium to high
stringency conditions means prehybridization and hybridiza-
tion at 42° C. in 5xSSPE, 0.3% SDS, 200 pg/ml sheared and
denatured salmon sperm DNA, and either 25% 35% or 50%
formamide for low to medium to high stringencies respec-
tively. Subsequently, the hybridization reaction is washed
three times for 30 minutes each using 2xSSC, 0.2% SDS and
either 55° C., 65° C., or 75° C. for low to medium to high
stringencies.

The sequence information as provided herein should not be
so narrowly construed as to require inclusion of erroneously
identified bases. The skilled person is capable of identifying
such erroneously identified bases and knows how to correct
for such errors.

In another aspect of the invention, there is provided a
nucleic acid coding for a polysaccharide deacetylase, respec-
tively a glycosyltransferase as earlier defined both nucleic
acids being for use for preparing a medicament. Preferably
said medicament is a vaccine or an adjuvant as later defined
herein.

Nucleic Acid Construct

In a further aspect, the invention relates to a nucleic acid
construct comprising any of the nucleic acid sequences
defined in the former section, said nucleic acid sequence
encoding a polypeptide exhibiting:

polysaccharide activity and having an amino acid sequence

which has at least 50% identity with the amino acid
sequence of SEQ ID NO:1 or

glycosyltransferase activity and having an amino acid

sequence which has at least 50% identity with the amino
acid sequence of SEQ ID NO:2.

Optionally, the nucleic acid sequence present in the nucleic
acid construct is operably linked to one or more control
sequences, which direct the production of the polypeptide in
a suitable expression host.

Operably linked is defined herein as a configuration in
which a control sequence is appropriately placed at a position
relative to the nucleic acid sequence coding for the polypep-
tide of the invention such that the control sequence directs the
production of the polypeptide of the invention.

Expression will be understood to include any step involved
in the production of the polypeptide including, but not limited
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to transcription, post-transcriptional modification, transla-
tion, post-translational modification and secretion.

Nucleic acid construct is defined as a nucleid acid mol-
ecule, which is isolated from a naturally occurring gene or
which has been modified to contain segments of nucleic acid
which are combined or juxtaposed in a manner which would
not otherwise exist in nature.

Control sequence is defined herein to include all compo-
nents, which are necessary or advantageous for the expres-
sion of a polypeptide. At a minimum, the control sequences
include a promoter and trancriptional and translational stop
signals.

Expression Vector

The invention further relates to an expression vector com-
prising a nucleic acid construct comprising a nucleic acid
sequence encoding a polypeptide exhibiting polysaccharide
deacetylase activity and having an amino acid sequence
which has at least 50% identity with the amino acid sequence
of SEQ ID NO:1 as defined in the former section. Preferably,
the expression vector comprises said nucleic acid sequence,
which is operably linked to one or more control sequences,
which direct the production of the encoded polypeptide in a
suitable expression host. At a minimum control sequences
include a promoter and transcriptional and translational stop
signals. The expression vector may be seen as a recombinant
expression vector. The expression vector may be any vector
(e.g. plasmic, virus), which can be conveniently subjected to
recombinant DNA procedures and can bring about the
expression of the nucleic acid sequence encoding the
polypeptide. Depending on the identity of the host wherein
this expression vector will be introduced and on the origin of
the nucleic acid sequence of the invention, the skilled person
will know how to choose the most suited expression vector
and control sequences. Most preferred host cells are pre-
sented in the section entitled host cells.

In the context of the invention, an expression vector when
introduced into a host cell will lead to a cell having an
increased expression level of the nucleic acid sequence
present in the expression vector, and/or an increased expres-
sion level of the polypeptide encoded by the nucleic acid
sequence present in the expression vector and/or an increased
activity level of the polypeptide encoded by the nucleic acid
sequence present in the expression vector. In this context, the
increase is assessed by comparison with the host cell which
does not comprise said expression vector and/or with the host
cell which does not comprise an endogenous polypeptide
having at least 50% identity with SEQ ID NO:1.

In another aspect of the invention, there is provided an
expression vector as earlier defined being for use for prepar-
ing a medicament. Preferably said medicament is a vaccine or
an adjuvant as later defined herein.

Inactivation Vector

The invention further relates to an inactivation vector com-
prising a nucleic acid construct comprising a nucleic acid
sequence encoding a polypeptide exhibiting glycosyltrans-
ferase activity and having an amino acid sequence which has
at least 50% identity with the amino acid sequence of SEQ ID
NO:2 as defined in the former section. An inactivation vector
is designed to lower or inactivate the expression of the nucleic
acid sequence which has at least 50% identity with the amino
acid sequence of SEQ ID NO:2 in a given host.

The inactivation vector may be seen as a recombinant
expression vector. The inactivation vector may be any vector
(e.g. plasmic, virus), which can be conveniently subjected to
recombinant DNA procedures and can bring about the inac-
tivation of the expression of the nucleic acid sequence as
defined above. Depending on the identity of the host wherein
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this inactivation vector will be introduced and on the origin of
the nucleic acid sequence of the invention, the skilled person
will know how to choose the most suited inactivation vector.
Most preferred host cells are presented in the section entitled
host cells.

In the context of the invention, an inactivation vector when
introduced into a host cell will lead to a cell having a
decreased (or lowered) expression level of the nucleic acid
sequence present in the expression vector, and/or a decreased
expression level of the polypeptide encoded by the nucleic
acid sequence present in the expression vector and/or a
decreased activity level of the polypeptide encoded by the
nucleic acid sequence present in the expression vector. In this
context, the decrease is preferably assessed by comparison
with the host cell which does not comprise said inactivation
vector.

The decrease of the expression level of the polypeptide
exhibiting glycosyltransferase activity and having an amino
acid sequence which has at least 50% identity with the amino
acid sequence of SEQ ID NO:2 and/or the lowering of its
activity level may have been achieved by conventional meth-
ods known in the art, such as by inactivating or down-regu-
lating the expression of the endogenous nucleic acid
sequence encoding said glycosyltransferase in the host. This
inactivation or down regulation may have been achieved by
deletion of one or more nucleotides in the nucleic acid
sequence encoding said polypeptide. In another embodiment,
the invention relates to a host, preferably a Bordetella which
has a mutation in its nucleic acid sequence encoding said
glycosyltransferase. Preferably to construct a host having an
inactivated nucleic acid sequence encoding a glycosyltrans-
ferase, a replacement or inactivation vector is prepared and is
subsequently introduced into the host by transformation. The
skilled person will know how to construct such a vector.

Alternatively or in combination with the inactivation of the
endogenous nucleic acid sequence encoding the glycosyl-
transferase, the expression of the nucleic acid sequence
encoding the glycosyltransferase can be lowered by fusing it
to a weak promoter suitable for low level protein expression
in the selected organism.

Alternatively or in combination with the inactivation of the
nucleic acid sequence encoding the endogenous glycosyl-
transferase, the expression of the nucleic acid sequence
encoding the glycosyltransferase may be rendered inducible
by fusing it to an inducible promoter suitable for inducible
level protein expression in the selected organism.

Alternatively or in combination with former defined pre-
ferred embodiment, the inactivation of the nucleic acid
sequence encoding the endogenous glycosyltransferase is
preferably achieved by using a suicide vector. More prefer-
ably, the suicide vector is pSS1129 (Stibitz et al, 1994).

In another aspect of the invention, there is provided an
inactivation vector as earlier defined for use for preparing a
medicament. Preferably said medicament is a vaccine or an
adjuvant as later defined herein.

Host Cell

In a further aspect, the invention provides a host cell com-
prising the expression vector of the invention and/or the inac-
tivation vector of the invention both as defined in former
sections. The choice of the host cell will to a large extent
depend upon the source of the nucleic acid sequence of the
invention. Depending on the identity of the host cell, the
skilled person would know how to transform it with the con-
struct or vector of the invention.

The host cell may be any microbial, prokaryotic or eukary-
otic cell, which is suitable for expression of the LPS of the
invention. In a preferred embodiment, the host cell is a Bor-
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detella species as earlier mentioned herein. Most preferably,
the Bordetella is a Bordetella pertussis.

Suitable procedures for transformation of Bordetella may
involve a process comprising conjugation in a manner known
to the skilled person. Suitable transformation procedures for
Bordetella are described in Stibitz et al, 1994.

According to a first preferred embodiment, the host cell
hence obtained has an increased expression level of the
nucleic acid sequence present in the expression vector, and/or
has an increased expression level of the polypeptide encoded
by the nucleic acid sequence present in the expression vector
and/or has an increased activity level of the polypeptide
encoded by the nucleic acid sequence present in the expres-
sion vector. In this embodiment, the nucleic acid sequence
present in the expression construct codes for a polypeptide
having at least 50% identity with SEQ ID NO:1. In this
context, the increase is assessed by comparison with the host
cell which does not comprise said expression vector and/or
with the host cell which does not comprise an endogenous
polypeptide having at least 50% identity with SEQ ID NO:1
when both cultured and/or assayed under the same condi-
tions.

“Increase expression level of the polypeptide” is herein
preferably defined as producing more of the polypeptide as
earlier defined than what the parental host cell the trans-
formed host cell derives from will produce when both types of
cells (parental and transformed cells) are cultured under the
same conditions. Preferably, the host cell of the invention
produces at least 3%, 6%, 10% or 15% more of the polypep-
tide of the invention having at least 50% identity with SEQ ID
NO:1 than the parental host cell the transformed host cell
derives from will produce when both types of cells (parental
and transformed cells) are cultured under the same condi-
tions. Also hosts which produce at least 20%, 30%, 40%,
50%, 60%, 70%, 80%, 90%, 100% or 150% more of said
polypeptide than the parental cell are preferred. According to
another preferred embodiment, the production level of this
polypeptide of the host cell of the invention is compared to the
production level of the B213 Bordetella pertussis strain (Ka-
suga et al 1953, see also Table 1), which is taken as control.
According to an even more preferred embodiment, when the
host cell of the invention is an Bordetella pertussis strain, the
production level of the polypeptide of the host cell of the
invention is compared to the production level of the B213
strain as defined above, which is taken as control.

The assessment of the production level of the polypeptide
may be performed at the mRNA level by carrying out a
Northern Blot or an array analysis and/or at the polypeptide
level by carrying out a Western blot. All these methods are
well known to the skilled person.

“Increase in the polypeptide activity” is herein defined as
exhibiting a higher polysaccharide deacetylase activity than
the one of the parental host cell the transformed host cell
derives from using an assay specific for said activity. Prefer-
ably, the assay is the one mentioned under the section
polypeptides. Preferably, the host cell of the invention exhib-
its at least 3%, 6%, 10% or 15% higher polysaccharide
deacetylase activity than the parental host cell the trans-
formed host cell derives from will exhibit as assayed using a
specific assay for said activity, which is preferably the assay
mentioned under the section polypeptides. Also host which
exhibits at least 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%,
100% or 150% more of said activity than the parental cell are
preferred. According to another preferred embodiment, the
level of polysaccharide deacetylase activity of the host cell of
the invention is compared to the corresponding activity of the
B213 strain as defined before, which is taken as control.



US 9,296,995 B2

9

According to a more preferred embodiment, when the host
cell of the invention is an Bordetella pertussis strain, the level
of polysaccharide deacetylase activity of the host cell of the
invention is compared to the corresponding activity of the
B213 strain as defined before, which is taken as control.

The increase in polypeptide expression and/or activity may
have been achieved by conventional methods known in the
art, such as by introducing more copies of the nucleic acid
sequence encoding the polysaccharide deacetylase into the
host, be it on a carrier or in the chromosome, than naturally
present. Alternatively, the nucleic acid sequence encoding the
polysaccharide deacetylase can be overexpressed by fusing it
to highly expressed or strong promoter suitable for high level
protein expression in the selected organism, or combination
of the two approaches. The skilled person will know which
strong promoter is the most appropriate depending on the
identity of the host cell. Preferably when the host cell is a
Bordetella pertussis strain, the strong promoter is the tac-
promoter of the vector pMMB67EH (Methods for General
and Molecular Bacteriology, Editors P. Gerhardt et al.,
American Society for Microbiology, Washington D.C., 1994,
p. 409-410).

Alternatively or in combination with first preferred
embodiment, the invention provides a second preferred
embodiment, wherein the host cell has a decreased expression
level of the nucleic acid sequence encoding the polypeptide
having at least 50% identity with the amino acid sequence of
SEQ ID NO:2, and/or has a decreased expression level of said
polypeptide and/or has a decreased activity level of said
polypeptide, preferably via the use of the inactivation vector
of'the invention as earlier defined herein. In this embodiment,
the nucleic acid sequence present in the inactivation vector
codes for a polypeptide having at least 50% identity with SEQ
ID NO:2. In this context, the decrease is assessed by com-
parison with the host cell which does not comprise said inac-
tivation vector when both cultured and/or assayed under the
same conditions.

“Decrease expression level of the polypeptide” is herein
preferably defined as producing less of the polypeptide (as
earlier defined) than what was produced by the parental host
cell from which the transformed host cell was derived when
both types of cells (parental and transformed cells) are cul-
tured under the same conditions. Preferably, the host cell of
the invention produces at least 3%, 6%, 10% or 15% less of
the polypeptide of the invention having at least 50% identity
with SEQ ID NO:2 than that produced by the parental host
cell from which the transformed host cell was derived when
both types of cells (parental and transformed cells) are cul-
tured under the same conditions. Also hosts which produce at
least 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 100% or
150% less of said polypeptide than the parental cell are pre-
ferred. According to another preferred embodiment, the pro-
duction level of this polypeptide of the host cell of the inven-
tion is compared to the production level of the B213 strain as
defined before, which is taken as control. According to an
even more preferred embodiment, when the host cell of the
invention is a Bordetella pertussis strain, the production level
of'the polypeptide of the host cell of the invention is compared
to the production level of the B213 strain as defined before,
which is taken as control.

The assessment of the production level of the polypeptide
may be performed at the mRNA level by carrying out a
Northern Blot or an array analysis and/or at the polypeptide
level by carrying out a Western blot. All these methods are
well known to the skilled person.

“Decrease in the polypeptide activity” is herein defined as
exhibiting a lower glycosyltransferase activity than the one of

40

45

55

60

65

10

the parental host cell from which the transformed host cell
was derived, using an assay specific for said activity. Prefer-
ably, the assay is the one which has been already described
herein under the section “Polypeptides.” Preferably, the host
cell of the invention exhibits at least 3%, 6%, 10% or 15%
lower glycosyltransferase activity than that of the parental
host cell from which the transformed host cell was derived as
assayed using a specific assay for said activity, which is
preferably the assay described under the section “Polypep-
tides.”” Also hosts which exhibit at least 20%, 30%, 40%, 50%,
60%, 70%, 80%, 90%, 100% or 150% less of said activity
than the parental cell are preferred. According to another
preferred embodiment, the level of glycosyltransferase activ-
ity of the host cell of the invention is compared to the corre-
sponding activity of the B213 strain as defined before, which
is taken as control. According to a more preferred embodi-
ment, when the host cell of the invention is a Bordetella
pertussis strain, the level of polysaccharide deacetylase activ-
ity of the host cell of the invention is compared to the corre-
sponding activity of the B213 strain as defined before, which
is taken as control.

The decrease in polypeptide expression and/or activity
may have been achieved by conventional methods known in
the art, such as by introducing more copies of the nucleic acid
sequence encoding the polysaccharide deacetylase into the
host, be it on a carrier or in the chromosome, than naturally
present. Alternatively, the nucleic acid seqeunce encoding the
polysaccharide deacetylase can be overexpressed by fusing it
to highly expressed or strong promoter suitable for high level
protein expression in the selected organism, or combination
of the two approaches. The skilled person will know which
strong promoter is the most appropriate depending on the
identity of the host cell. Preferably when the host cell is a
Bordetella pertussis strain, the strong promoter is the tac-
promoter of the vector pMMBG67EH as defined before.

According to a more preferred embodiment, the host cell
does not produce any detectable amounts of glycosyltrans-
ferase of the invention and/or does not exhibit any detectable
glycsosyltransferase activity. Preferably, the host cell does
not produce or produces substantially no glycosyltransferase.

Alternatively, according to another more preferred
embodiment, the host cell produces an inducible amount of
the glycosyltransferase of the invention and/or exhibit an
inducible glycosyltransferase activity.

The decreasing ofthe expression level of the glycosyltrans-
ferase of the invention and/or the decreasing of its activity
level may have been achieved by conventional methods
known in the art, such as by inactivating or down-regulating
the nucleic acid sequence encoding the endogenous glyco-
syltransferase of the host. This inactivation or down regula-
tion may have been achieved by deletion of one or more
nucleotides in the encoding gene. In another embodiment, the
invention relates to a host, preferably a Bordetella pertussis
which has a mutation in its nucleic acid sequence encoding
the glycosyltransferase. Preferably to construct a host having
an inactivated nucleic acid sequence encoding the glycosyl-
transferase, a replacement or inactivation vector is prepared
and is subsequently introduced into the host by transforma-
tion. The skilled person will know how to construct such a
vector.

Alternatively or in combination with the inactivation of the
endogenous nucleic acid sequence, the expression of the
nucleic acid sequence encoding the glycosyltransferase can
be decreased by fusing it to a weak promoter suitable for low
level protein expression in the selected organism.

Alternatively or in combination with the inactivation of the
endogenous nucleic acid sequence, the expression of the
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nucleic acid sequence encoding the glycosyltransferase can
be rendered inducible by fusing it to an inducible promoter
suitable for inducible level protein expression in the selected
organism. Preferably when the host cell is a Bordetella per-
tussis strain, the inducible promoter is the tac-promoter of the
vector pMMB67EH as defined before Surprisingly, the host
cell of the invention has attractive properties, which renders it
very attractive to be used as a whole pertussis vaccine or as an
adjuvant: improved potentiality to interact with DC, and to
subsequently induce their maturation, and induce the produc-
tion of proinflammatory cytokines. Alternatively or in com-
bination, the LPS obtainable from these cells is also very
suited to be used as a vaccine or as an adjuvant as presented
below.

Accordingly, in another aspect of the invention, there is
provided a host cell as earlier defined for use as a medicament.
Preferably said medicament is a vaccine or an adjuvant as
later defined herein.

LPS Obtainable by the Host Cell

In a further aspect, the invention relates to the LPS obtain-
able from the host cell of the invention as earlier defined
herein. Preferably, the host cell is a Bordetella species, more
preferably a Bordetella pertussis, even more preferably a
Bordetella pertussis carrying an overexpression of the
polysaccharide deacetylase of the invention and/or an inacti-
vation of the glycosyltransferase of the invention. More pref-
erably, the LPS is of the invention is obtainable from mutant
2331 as prepared in the examples. Even more preferably,
when analysed after isolation with hot phenol/water extrac-
tion (Westphal and Jann, 1965), O-deacylation by mild
hydrolysis (Holst 2000) and analysis by ESI-MS in the nega-
tive ion-mode, the ESI-MS spectrum of the LPS of the inven-
tionis characterized by giving more ions than the correspond-
ing ESI-MS spectrum of the LPS derived from a wild type
Bordetella pertussis, named wild type LPS. Preferably the
wild type Bordetella pertussis is strain B213 as defined
before. Without willing to be bound by any theory, these
additional ions may reflect at least partly the increased sub-
stitution of the 1 or 4' phosphate groups of the lipid A part of
LPS with hexosamine residues.

Typically the ESI-MS spectrum of the wild type LPS is
characterized by giving 7 ions (see table 3), whereas the
ESI-MS spectrum of the LPS of the invention is characterized
by giving more than 7 ions, at least 8, at least 10, at least 12
and more preferably 14 ions.

Alternatively or in combination with former embodiment,
preferably, the ESI-MS spectrum of the LPS of the invention
comprises more ions comprising hexosamine than the ESI-
MS spectrum of the wild type LPS. Typically, the ESI-MS
spectrum of the wild type LPS gives two ions with hex-
osamine (see table 3), whereas the ESI-MS spectrum of the
LPS of the invention is characterized by giving more than two
ions, at least 4, at least 6, and more preferably 8 ions.
Pharmaceutical Compositions and Medical Uses

The invention further relates to a pharmaceutical compo-
sition comprising the host cell ofthe invention and/or the LPS
of the invention both as earlier defined herein. The pharma-
ceutical composition may be used as a vaccine or as an adju-
vant. The vaccine may be used for immunisation (raising an
immune response) or vaccination of a mammal.

Adjuvants are herein defined to include any substance or
compound that, when used in combination with an antigen, to
immunise a mammal, preferably a human, stimulates the
immune system, thereby provoking, enhancing or facilitating
the immune response against the antigen, preferably without
generating a specific immune response to the adjuvant itself.
Preferred adjuvants enhance the immune response against a
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given antigen by at least a factor of 1.5, 2, 2.5, 5, 10 or 20, as
compared to the immune response generated against the anti-
gen under the same conditions but in the absence of the
adjuvant. Tests for determining the statistical average
enhancement of the immune response against a given antigen
as produced by an adjuvant in a group of animals or humans
over a corresponding control group are available in the art.
The adjuvant preferably is capable of enhancing the immune
response against at least two different antigens. The adjuvant
of'the invention will usually be a compound that is foreign to
a mammal, thereby excluding immunostimulatory com-
pounds that are endogenous to mammals, such as e.g. inter-
leukins, interferons and other hormones.

In a preferred embodiment, when the pharmaceutical com-
position is used as an adjuvant, the composition further com-
prises an antigen.

When the composition is used as a vaccine, the antigen is
present at the surface of the host cell of the invention and/or is
present within the LPS obtainable from such cells. In this case
the vaccine is preferably a vaccine against the host of the
invention and/or against any host capable of expressing a
related LPS molecule.

When the composition is used as an adjuvant, preferably an
antigen is present. The antigen is preferably an antigen from
or produced by a bacterium, a virus, a fungus, a parasite, a
cancer cell or an allergen as further defined below. The anti-
gen and the host cell of the invention and/or the LPS obtain-
able by such cells are preferably used in the treatment and/or
prevention of an infectious disease caused by the bacterium,
virus, fungus, or parasite, or the tumor caused by the cancer
cell, or the allergy caused by the allergen.

In a further preferred embodiment, the pharmaceutical
composition comprising a host cell of the invention and/or a
LPS obtainable therefrom and optionally an antigen as herein
defined above further comprises a pharmaceutically accept-
able carrier. The pharmaceutical compositions may further
comprise pharmaceutically acceptable stabilizing agents,
osmotic agents, buffering agents, dispersing agents, and the
like. The preferred form of the pharmaceutical composition
depends on the intended mode of administration and thera-
peutic application. The pharmaceutical carrier can be any
compatible, non-toxic substance suitable to deliver the active
ingredients, i.e. the host cell of the invention and/or the LPS
obtainable from this host cell and optionally the antigen, to
the patient. Pharmaceutically acceptable carriers for intrana-
sal delivery are exemplified by water, buffered saline solu-
tions, glycerin, polysorbate 20, cremophor EL, and an aque-
ous mixture of caprylic/capric glyceride, and may be buffered
to provide a neutral pH environment. Pharmaceutically
acceptable carriers for parenteral delivery are exemplified by
sterile buffered 0.9% NaCl or 5% glucose optionally supple-
mented with a 20% albumin. Preparations for parental admin-
istration must be sterile. The parental route for administration
of the active ingredients is in accord with known methods,
e.g. injection or infusion by subcutaneous, intravenous, intra-
peritoneal, intramuscular, intraarterial or intralesional routes.
The compositions of the invention are preferably adminis-
tered by bolus injection. A typical pharmaceutical composi-
tion for intramuscular injection would be made up to contain,
for example, 1-10 ml of phosphate buffered saline and 1 to
100 pg, preferably 15-45 ng of antigen and 1 to 100 pg,
preferably 15-45 ng of the host cell and/or LPS of the inven-
tion. For oral administration, the active ingredient can be
administered in liquid dosage forms, such as elixirs, syrups,
and suspensions. Liquid dosage forms for oral administration
can contain coloring and flavoring to increase patient accep-
tance. Methods for preparing parenterally, orally or intrana-
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sally administrable compositions are well known in the art
and described in more detail in various sources, including, for
example, Remington’s Pharmaceutical Science (15th ed.,
Mack Publishing, Easton, Pa., 1980) (incorporated by refer-
ence in its entirety for all purposes).

The antigen in the composition of the invention preferably
is an antigen that is from or produced by a bacterium, a virus,
afungus, a parasite, a cancer cell or an allergen. Viral antigens
that may be combined with the host cell and/or LPS of the
invention can be derived from all sorts of viruses, non-limit-
ing examples of such viruses are: Retroviridae such as Human
Immunodeficiency virus (HIV); a rubellavirus; paramyx-
oviridae such as parainfluenza viruses, measles, mumps, res-
piratory syncytial virus, human metapneumovirus; flaviviri-
dae such as yellow fever virus, dengue virus, Hepatitis C
Virus (HCV), Japanese Encephalitis Virus (JEV), tick-borne
encephalitis, St. Louis encephalitis or West Nile virus; Her-
pesviridae such as Herpes Simplex virus, cytomegalovirus,
Epstein-Barr virus; Bunyaviridae; Arenaviridae; Hantaviri-
dae such as Hantaan; Coronaviridae; Papovaviridae such as
human Papillomavirus; Rhabdoviridae such as rabies virus.
Coronaviridae such as human coronavirus; Alphaviridae,
Arteriviridae, filoviridae such as Ebolavirus, Arenaviridae,
poxyiridae such as smallpox virus, and African swine fever
virus. Likewise the host cell and/or LPS of the invention may
be combined with antigens derived from pathogenic bacteria,
fungi (including yeasts), or parasites. Such antigens include
bacterial antigens of e.g. Helicobacter, such as H. pylori,
Neisseria, such as N. mengitidis, Haemophilus, such as H.
influenza, Bordetella, such as B. pertussis, Chlamydia, Strep-
tococcus, such as Streptococcus sp. serotype A, Vibrio, such
as V. cholera, Gram-negative enteric pathogens including e.g.
Salmonella, Shigella, Campylobacter and Escherichia, as
well as antigen from bacteria causing anthrax, leprosy, tuber-
culosis, diphtheria, Lyme disease, syphilis, typhoid fever, and
gonorrhea. Antigens from parasites e.g. include antigens
from protozoans, such as Babeosis bovis, Plasmodium,
Leishmania spp. Toxoplasma gondii, and Trypanosoma, such
as T. cruzi. Fungal antigens may include antigens from fungi
such as Aspergillus sp., Candida albicans, Cryptococcus,
such as e.g C. neoformans, and Histoplasma capsulatum.

Although vaccination is generally applied for the prophy-
lactic protection against pathogens or for the treatment of
diseases following pathogenic infection, the person skilled in
the art is aware of the application of vaccines for tumor-
treatment. Moreover, an increasing number of tumor-specific
proteins are found to be proper entities that can be targeted by
human or humanized antibodies. Such tumor-specific pro-
teins are also within the scope of the present invention. Many
tumor specific antigens are known in the art. Therefore, in one
preferred embodiment, the invention provides compositions
comprising a tumor-specific antigen and a host cell and/or
LPS as defined above. Suitable tumor antigens include e.g.
carcinoembryonic antigen, prostate-specific membrane anti-
gen, prostate specific antigen, protein MZ2-E, polymorphic
epithelial mucin (PEM), folate-binding-protein LK26, (trun-
cated) epidermal growth factor receptor (EGRF), HER2,
Thomsen-Friedenreich (T) antigen, GM-2 and GD-2 ganglio-
sides, Ep-CAM, mucin-1, epithialial glycoprotein-2, and
colon specific antigen.

In addition, antigens can be targeted to DC’s in order to
induce tolerance in the prevention of auto-immune disease.
Such allergens are also within the scope of the present inven-
tion.

Accordingly, in a further aspect, the host cell of the inven-
tion, preferably a Bordetella pertussis and/or the LPS obtain-
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able from such cell is/are for use as a medicine. Preferably, the
medicine is a vaccine against pertussis.

In another preferred embodiment, the host cell of the inven-
tion, preferably a Bordetella pertussis and/or the LPS obtain-
able from such cell is/are for use as an adjuvant. More pref-
erably, the host cell of the invention, preferably a Bordetella
pertussis and/or the LPS obtainable from such cell are used in
combination with an antigen.

Accordingly in a further aspect, the invention relates to the
use of the host cell of the invention, preferably a Bordetella
pertussis and/or the LPS obtainable from such cell for the
preparation of a medicament for the prevention and/or treat-
ment of pertussis. In a preferred embodiment, the host cell of
the invention, preferably a Bordetella pertussis and/or the
LPS obtainable from such cell are used as adjuvant for the
preparation of a medicament for raising an immune response
against an antigen. More preferably, the host cell of the inven-
tion and/or the LPS obtainable from such cell are used as
adjuvant in combination with said antigen.

Accordingly in a further aspect, the invention relates to the
use of a polypeptide of the invention as earlier defined herein
and/or a nucleic acid sequence of the invention as defined
herein for the preparation of a medicament for the prevention
and/or treatment of pertussis.

Accordingly in a further aspect, the invention relates to the
use of a polypeptide of the invention as earlier defined herein
and/or a nucleic acid sequence of the invention as earlier
defined herein for the preparation of an adjuvant. Preferably,
in this aspect, the polypeptide of the invention as earlier
defined herein and/or the nucleic acid sequence of the inven-
tion as earlier defined herein are used in combination with an
antigen for the preparation of a medicament for raising an
immune response against the antigen.

In the methods and uses of the invention, the mammal is
preferably a human.

In this document and in its claims, the verb “to comprise”
and its conjugations is used in its non-limiting sense to mean
that items following the word are included, but items not
specifically mentioned are not excluded. In addition, refer-
ence to an element by the indefinite article “a” or “an” does
not exclude the possibility that more than one of the element
is present, unless the context clearly requires that there be one
and only one of the elements. The indefinite article “a” or “an”
thus usually means “at least one”.

DESCRIPTION OF THE FIGURES

FIG. 1. (A) Schematic representation of the identified gly-
cosyltransterase operon. Dark gray arrows indicate the genes
that encode putative glycosyltransferases, whereas the light
grey and white arrows indicate the gene encoding a putative
monosaccharide deacetylase and the flanking ORF's, respec-
tively. (B) Analysis of LPS profiles from the wild-type B.
pertussis strain (WT), and the BP2329-, BP2328-, and
BP2331-mutant strains by Tricine-SDS-PAGE.

FIG. 2. Negative ion ESI-MS of O-deacylated LPS of
wild-type B. pertussis (A) and B. pertussis mutant strains
BP2328 (B), BP2329 (C) and BP2331 (D).

FIG. 3. Negative mode tandem mass spectrometric analy-
sis of O-deacylated LPS from the BP2331-mutant strain. (A)
extracted MS/MS spectrum of the ion at m/z 1108.3, (B)
extracted MS/MS spectrum of the ion at m/z 1162.0, (C)
extracted MS? spectrum of the ion at m/z 1112.6 from the ion
atm/z 1162.0.

FIG. 4. DC activation after stimulation with the wild-type
and mutant B. pertussis cells. (A) Analysis of CD83, HLA-
DR, CD86, and CD40 cell-surface expression in human DCs
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after 24 h stimulation with PFA-fixed wild-type and mutant B.
pertussis cells at MOI 10 (black line) or 100 (dashed line).
Unstimulated DCs served as control (grey-filled histogram).
Shown are FACS histograms for the indicated B. pertussis
strains from 5,000 events counted. The vertical axis repre-
sents the cell number, while the horizontal axis represents the
intensity of staining (B) IL-10 and IL.-12p70 production by
cultured human DCs after stimulation with PFA-fixed wild-
type and mutant B. pertussis cells at MOI 10 or 100. Results
are expressed as mean cytokine concentrations (xSD).

FIG. 5. DC activation after stimulation with purified wild-
type and mutant B. pertussis LPS. (A) Analysis of CD83,
CD86, and CD40 cell-surface expression in human DCs after
24 h stimulation with 1 pg/ml purified LPS. Unstimulated
DCs served as control (grey-filled histogram). Shown are
FACS histograms for the LPS of the indicated B. pertussis
strains from 5,000 events counted. The vertical axis repre-
sents the cell number, while the horizontal axis represents the
intensity of staining (B) IL-10 production by cultured human
DCs after stimulation with 1 pg/ml purified LPS. Results are
expressed as mean cytokine concentrations.

FIG. 6. 1L-6 induction by purified B. pertussis LPS and
whole bacterial cells. The production of IL-6 by the human
macrophage cell line MM6 was stimulated with serial dilu-
tions of stock solutions of purified LPS (A) or whole bacterial
cells (B) from the wild-type B. pertussis strain (WT), or the
BP2328-, BP2329-, and BP2331-mutant strains. IL-6 con-
centrations in the culture supernatants were quantified in an
ELISA against human IL-6. The data represent the averages
of three individual experiments.

FIG. 7. Structure of B. pertussis LPS. Proposed truncated
core OS structures of the BP2328- and BP2329-mutant
strains are indicated by red arrows. Adapted from Caroffet al.
(2000).

EXAMPLES

Materials and Methods
Bacterial Strains and Growth Conditions

All bacterial strains used are described in Table 1. Typi-
cally, the E. coli strains were grown at 37° C. in Luria-Bertani
broth while shaking at 200 rpm. When appropriate, bacteria
were grown in the presence of 100 pg/ml ampicillin, 50 pg/ml
kanamycin, or 10 ug/ml gentamicin, for plasmid maintenance
or strain selection. B. pertussis was grown at 35° C. on Bor-
det-Gengou (BG) agar supplemented with 15% defibrinated
sheep blood (Tritium).

Recombinant DNA Techniques

All plasmids used are described in Table 1. Plasmid DNA
was isolated using the Promega Wizard®Plus SV Minipreps
system. Restriction endonucleases were used according to the
instructions of the manufacturer (Roche). DNA fragments
were isolated from agarose gels using the Promega Wizard®
SV Gel and PCR Clean-Up system. Ligations were per-
formed using the rapid DNA ligation kit (Roche).

All primers used are described in Table 2. Chromosomal
template DNA for PCR reactions was prepared by resuspend-
ing ~10° bacteria in 50 ul of distilled water, after which the
suspension was heated for 15 min at 95° C. The suspension
was then centrifuged for 1 min at 16,100xg, after which the
supernatant was used as template DNA. To construct B. per-
tussis mutant strains B213ABP2328 and ABP2329, we ampli-
fied DNA segments encompassing the 5' region and upstream
sequences of the corresponding ORFs by using primers
BP2328_FW,,, BP2329_FW,,, and primers
BP2328_REV,, and BP2329_REV,, ,, which both contained
a BamHI site. Additionally, DNA fragments containing the 3'
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regions and downstream sequences of the ORFs were
obtained by PCR with primers BP2328 FW,_, .
BP2329_FW,,..., both containing a BamHI site, and primers
BP2328_REV,,,, and BP2329_REV . To construct a B.
pertussis BP2331 mutant strain, the corresponding ORF was
amplified by using primers BP2331_FW and BP2331_REWV.
The PCRs were performed using pure Taq Ready-to-go PCR
beads (Amersham Biosciences) in a 25-pl total reaction vol-
ume with 5 pmol of each primer. The temperature program
was as follows: 95° C. for 3 min, 30 cycles of 15 s at 95° C.,
30s at 55° C., and 1 min at 72° C., followed by 7 min at 72°
C. and subsequent cooling to 4° C. The PCR products were
purified from agarose gel and subsequently cloned into
pGEM-T Easy resulting in plasmids pGEM-BP2328, ,
pGEM-BP2328 ... pGEM-BP2329, , pGEM-
BP2329 ..., and pGEM-BP2331, respectively. The BamHI-
Spel fragments of pGEM-BP2328, . and pGEM-
BP2329,,., were ligated into BamHI-Spel-restricted
pGEM-BP2328,, and pGEM-BP2329, ,, respectively. The
resulting plasmids and plasmid pGEM-BP2331 were cut with
BamHI and EcoRYV, respectively, to allow for insertion of the
kanamycin-resistance cassette from plasmid pBSL128
obtained by BamHI and HindIIl digestion, respectively.
Finally, EcoRI fragments of the constructs obtained were
ligated into the EcoRI-restricted suicide plasmid pSS1129.
The final constructs, designated pSS1129-BP2328,.,
pSS1129-BP2329,.,, and pSS1129-BP2331,.,, respectively,
contained the kanamycin-resistance cassette in the same ori-
entation as the transcription direction of the operon. The
pSS1129-based plasmids were used to transform E. coli
SM10(Apir), which allowed for subsequent transfer of the
plasmids to B. pertussis and construction of B. pertussis
BP2328, BP2329, and BP2331 mutants by allelic exchange.
Transformants were screened by PCR using various primer
sets.
LPS Isolation and Preparation of De-O-Acylated LPS

LPS was isolated using the hot phenol/water extraction
method (Westphal and Jann, 1965) with slight modifications
(Geurtsen et al., 2006). De-O-acylation of LPS was achieved
by mild hydrazinolysis (Hoist, 2000). Briefly, LPS was dis-
solved in anhydrous hydrazine (200 pul), and incubated at 37°
C. for 50 min with constant stirring to release the O-linked
fatty acyl chains. The mixture was cooled and 600 pl of cold
acetone were added in small portions to convert hydrazine to
acetone hydrazone. The precipitate of the de-O-acylated LPS
was collected by centrifugation (4000xg, at 7° C. for 30 min).
The pellet was washed twice with 600 pl of cold acetone,
centrifuged and dissolved in water before lyophilisation.
Capillary Electrophoresis-Electrospray Mass Spectrometry

A Prince CE system (Prince Technologies) was coupled to
a 4000 QTRAP mass spectrometer (Applied Biosystems/
MDS Sciex). A sheath solution (isopropanol-methanol, 2:1)
was delivered at a flow rate of 1.0 ul/min. Separations were
obtained on a ~90-cm length bare fused-silica capillary using
15 mM ammonium acetate in deionised water, pH 9.0. The 5
kV and -5kV of electrospray ionisation voltage were used for
positive and negative ion mode detections, respectively. For
all the mass spectrometric experiments, nitrogen was used as
curtain and collision gas. In the MS? (enhanced product ion
scan or EPI) and MS?> experiments, the scan speed was set to
4000 Da/s with Q, trapping, the trap fill time was set as
“dynamic” and the resolution of Q1 was set as “unit”. For
MS? experiments, the excitation coefficient was set at a value
to excite only the first isotope for a single charged precursor
with excitation time set at 100 ms.
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LPS Analysis by Tricine-SDS-PAGE

Approximately 10° bacteria were suspended in 50 ul of
sample buffer (Laemmli, 1970), and 0.5 mg/ml proteinase K
(end concentration) was added. The samples were incubated
for 60 minat55° C., followed by 10 min at 95° C. to inactivate
proteinase K. The samples were then diluted 10 fold by add-
ing sample buffer, after which 2 ul of each sample were
applied to a Tricine-SDS-PAGE gel (Lesse et al., 1990). The
bromophenol blue was allowed to run into the separating gel
at 35V, after which the voltage was increased to 105 V. After
the front reached the bottom of the gel, electrophoresis was
continued for another 45 min. The gels were fixed overnight
in water/ethanol/acetic acid 11:8:1 (v/v/v) and subsequently
stained with silver as described (Tsai and Frasch, 1982).
Preparation of Bacterial Cell Suspensions

Bacteria were inactivated in 0.5% paraformaldehyde
(PFA) in phosphate-buffered saline (PBS) for 30 min and
washed thoroughly in RPMI 1640 medium without phenol
red (Gibco). Bacterial suspensions with an optical density at
600 nm (ODg,,) of 1, corresponding to ~10° bacteria/ml,
were prepared in RPMI 1640 medium without phenol red.
Human DC Generation and Culture

Immature human DC were generated from human periph-
eral blood mononuclear cells (PBMCs) as described previ-
ously with minor modifications (Sallusto and Lanzavecchia,
1994). Briefly, PBMCs were isolated from heparinised blood
from healthy volunteers using density-gradient centrifuga-
tion over a FICOLL® gradient (Amersham Biosciences).
Recovered PBMC fractions were washed three times in
RPMI 1640 medium, supplemented with 10% heat-inacti-
vated fetal calf serum (FCS) (Bodinco BV). Next, monocytes
were prepared from PBMCs by centrifugation over a three-
layer PERCOLL® gradient (GE Healthcare Bio-Sciences
AB) (60%, 47.5%, and 34% Percoll in RPMI 1640, 10%
FCS). Monocytes were harvested from the upper interface
and washed three times with RPMI 1640, 10% FCS medium
and incubated in a six-well plate (4 ml per well, 0.5x10°
cells/ml) in RPMI 1640, 10% FCS, supplemented with 2.4
mM L-glutamine (Sigma-Aldrich), 100 U/ml penicillin-
streptomycin (Gibco), 100 ng/ml of human recombinant GM-
CSF (Peprotech), and 50 ng/ml of human recombinant I1.-4
(Strathmann-Biotec AG). After six days of culture, immature
DC (imDC) were harvested, which were negative for CD14
and CD83, expressed low levels of CD86 and HLA-DR, and
expressed high levels of CD40 and CD11c as assessed by flow
cytometry.
DC Stimulation

ImDC were washed and resuspended at a concentration of
5%x10° cells/ml in RPMI 1640 10% FCS, and co-incubated
with either PFA-fixed B. pertussis cells at a multiplicity of
infection (MOI) of 10 or 100, or purified LPS at a concentra-
tion of 10 or 1000 ng/ml. Unstimulated imDC served as
control in all experiments. DC were harvested after 24 h and
directly stained for expression of cell surface markers; the
supernatants were stored at —80° C. before cytokine measure-
ments.
Flow Cytometric Analysis of Cell Surface Markers

Surface expression of DC maturation markers and
co-stimulatory molecules was assessed by flow cytometry.
Immature or stimulated DC were harvested, washed in RPMI
1640, 10% FCS and resuspended in filter-sterilised PBS con-
taining 0.1% bovine serum albumin (FACS buffer). Next,
cells were incubated for 30 min at 4° C. with either one of the
following antibodies: FITC-conjugated anti-human CD1l1c
(mIgG1) and CD83 (mlgG1), phycoerythrin-conjugated anti-
human CD86 (mIgG1) and CD40 (mlIgG1), allophycocya-
nin-conjugated anti-human CD14 (mIgGl) and HLA-DR
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(mIgG2b) and appropriate fluorochrome-labelled isotype
controls (CD11c, CD40 and CD14 from eBioscience; CD83,
CD86 and HLA-DR from BD Pharmingen). Cells were
washed twice with FACS buffer and analysed using flow
cytometry (FACScan, Becton Dickinson).
Cytokine Measurements

Human IL.-10 and IL.-12p70 concentrations in the superna-
tants of stimulated DCs were determined using an Enzyme-
linked Immunosorbent Assay (ELISA) according to the
manufacturer’s instructions (BD Biosciences Pharmingen).
Endotoxic Activity Assays

The human macrophage cell line MM6 (Ziegler-Heitbrock
et al., 1988) was stimulated with serial dilutions of whole
bacterial cell suspensions or purified LPS as described
(Geurtsen et al., 2006). The bacterial cell suspensions were
prepared by collecting the cells from cultures by centrifuga-
tion, after which they were resuspended in PBS at an OD,,,
of 1.0, heat-inactivated for 10 min in the presence of 8 mM
formaldehyde, and stored at 4° C. Following stimulation,
IL-6 concentrations in the culture supernatants were quanti-
fied with an ELISA against human I[.-6 according to the
manufacturer’s instructions (PeliKine Compact™)
Results
Identification of a Novel LPS-Biosynthesis Operon in B. per-
tussis

We found a cluster of four genes (BP2328 to BP2331,
GenBank Accession Numbers NP_880966 to NP_880969)
three of which showed high sequence similarity to LPS gly-
cosyltransferases from various bacteria, i.e., BP2328,
BP2329 and BP2331. BP2330 shows the highest similarity to
a polysaccharide deacetylase from Xylella fastidiosa. The
four ORFs are close to each other and in some cases even
overlap, suggesting that they constitute an operon (FIG. 1A).
The genes upstream and, in the reverse orientation, down-
stream of the operon, putatively encode homologues of the
DNA polymerase I1I subunit alpha DnaE and of the putative
sulfatase YhbX of E. coli, respectively. In order to study the
role of the putative LPS glycosyltransferases, we made con-
structs in suicide plasmid pSS1129 carrying the individual
BP2328, BP2329, and BP2331 genes interrupted by a kana-
mycin-resistance cassette for insertional inactivation by
allelic exchange. Using this approach, knockout mutants for
all three genes could be readily obtained in B. pertussis strain
B213. Analysis of their LPS by Tricine-SDS-PAGE of whole-
cell lysates showed clearly truncated LPS for the BP2328 and
BP2329 mutants (FIG. 1B). In contrast, the LPS of the
BP2331 mutant strain was more heterogenic and consisted of
multiple bands, including the wild-type length.
LPS Structural Analysis

To determine their structure, LPS from the wild-type and
BP2328-, BP2329-, and BP2331-mutant strains was isolated,
O-deacylated, and analysed by ESI-MS in the negative-ion
mode (FIG. 2). The proposed LPS compositions are sum-
marised in Table 3. The spectrum of wild-type LPS (FIG. 2A)
revealed a major triply-charged ion at m/z 1108.5 correspond-
ing to full-length B. pertussis LPS with the composition
GlcNAco*Man2NAc3NAcA Fuc2NAc4ANMe*GalNA+Glce
GleN,*GlcA*Hep,*P+Kdoelipid A-OH. Additional ions were
present at m/z 770.1 ((M=3H]>), 811.1 ([M-4H]*), 831.4
((M-4H]*), 888.3 (IM-3HJ]*"), 951.8 ([M-H]"), 987.1
(IM=2H]*"), 1081.7 (IM-3H]*"), 1121.1 ([M-3H+K]*"),
1155.0 ((M—-2H]*"), and 1162.1 ((M=3H]*"). Most of these
ions corresponded to dephosphorylated or truncated glyco-
forms; however, the triply-charged ion at m/z 1162.1 corre-
sponded to full-length B. pertussis LPS substituted with an
additional hexosamine moiety (Table 3). The ESI-MS spec-
trum of the BP2328-mutant LPS (FIG. 2B) showed triply-
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charged ions at m/z 743.6, 770.0 and 823.7, together with
their corresponding doubly-charged ions at m/z. 1115.2,
1155.1, and 1235.7. Additional peaks were present at m/z
777.3 (IM-3H+Na]*"),952.1 ({(M-H]"), 1034.6 (M-2H]>"),
1074.6 ([M=2H]*"), and 1166.1 ([M-2H+Na]*"). Assign-
ment of the peaks revealed that the most complete core OS
structure was represented by the ions at m/z 823.7 and 1235.7
corresponding to the composition GalNA*Glc*GleN,e
GlcA+Hep,*P*Kdo*lipid A-OH. BP2329 mutant LPS (FIG.
2C) showed triply charged ions at 603.9 and 657.6, together
with their corresponding doubly-charged ions at m/z 906.0
and 986.6. In addition, sodium and potassium adducts of
these ions were present atm/z 917.4 and 997.6, and m/z 925.0
and 1005.6, respectively. Additional peaks were present at
m/z 866.0 ([M-2H]*), 937.4 ((M-2H—H,0]*"), and
1067.1 ((M=2H]*"). In this case, the most complete core
structure was represented by the doubly-charged ion at m/z
1067.1 corresponding to the composition GIlcN,*GlcAe
Hep,*P*Kdo-lipid A-OH, BP2331 mutant LPS (FIG. 2D)
showed a large number of peaks, including triply-charged
ions at m/z 1108.3 and 1162.0 corresponding to full-length B.
pertussis LPS and full-length B. pertussis LPS substituted
with an additional hexosamine, respectively.

To resolve the location of the additional hexosamine moi-
ety, which was observed in both wild-type and BP2331-mu-
tant LPS, ESI-MS? studies were performed in negative-ion
mode (FIG. 3). MS/MS spectra of the ions at m/z 1108.3
(FIG.3A) and 1162.0 (FIG. 3B) both showed a singly charged
fragment ion at m/z 951.5, which revealed that lipid A-OH,
resulting from the cleavage between the Kdo-lipid A bond
under collision-induced dissociation, consisted of a
p-(1—6)-linked disaccharide of N-acylated (30H C14) glu-
cosamine residues, each residue being substituted with a
phosphate group. The spectrum of ion at m/z 1162.0 also
showed an additional ion at m/z 1112.6, which indicates that
the extra hexosamine residue was directly attached to lipid A.
MS? on m/z 1112.6 further supported this conclusion (FIG.
30).

Dendritic Cell Activation by B. pertussis LPS Mutants

To determine the influence of the LPS mutations on DC
activation, immature DCs were co-cultured with PFA-fixed
B. pertussis wild-type and mutant bacteria at an MOI of 10
and 100. DC activation was monitored by analysis of matu-
ration marker (CD83 and HLLA-DR) and co-stimulatory mol-
ecule (CD86 and CDA40) expression by flow cytometry (FIG.
4A) and IL-10 and I1.12p70 induction by ELISA (FIG. 4B).
Wild-type and all mutant bacteria induced CD83, HLA-DR,
CD86, and CD40 expression, demonstrating that all strains
were capable of activating DCs. However, the BP2329- and
BP2331-mutant bacteria were clearly less and more stimula-
tory, respectively, than the wild-type bacteria, whereas the
BP2328-mutant strain was as efficient as the wild type. The
lower DC maturation observed in the case of the BP2329-
mutant strain was accompanied by lower induction of IL-10
and 1L-12p70 (FIG. 4B). Similarly, the BP2331 mutant,
which displayed an enhanced DC-maturation capacity,
induced higher amounts of IL.-10 and IL-12p70. The wild-
type strain and the BP2328-mutant strain induced compa-
rable levels of IL.-10, which is in agreement with the equal
expression of co-stimulatory molecules and maturation
markers on the DCs in response to these strains. However,
whereas the wild-type strain clearly induced IL.-12p70 pro-
duction, this was hardly the case for the BP2328-mutant
strain (FIG. 4B), suggesting that IL.-10 and IL.-12p70 expres-
sion can be differentially regulated.

To assess whether the observed differences in DC activa-
tion capacity between the wild-type and mutant strains are
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directly related to the differences in the LPS composition, DC
activation studies were performed with 10 and 1000 ng/ml of
purified LPS. In contrast to the high increase in expression of
maturation markers and co-stimulatory molecules on DCs in
response to wild-type, BP2328-, and BP2331-mutant bacte-
ria, only minor increases in CD83, CD86, and CD40 expres-
sion (FIG. 5A) and no increase in HLA-DR expression (data
not shown) was found even with 1000 ng/ml LPS of these
strains. Similarly, I[.-10 induction was low (FIG. 5B) and
1L-12p70 could not be detected in supernatants of DCs stimu-
lated with LPS (data not shown). Nevertheless, mutual com-
parison (FIGS. 5A and 5B) demonstrated that, in accordance
with the results obtained with intact bacteria, the highest DC
activation capacity was found for the LPS isolated from the
BP2331-mutant strain, followed by those of the BP2328-
mutant strain and the wild-type strain, whereas that of the
BP2329-mutant strain was incapable of maturing DCs. Thus,
the alterations in the LPS structure of the mutants differen-
tially affect DC activation capacity.

Endotoxic Activity of LPS and Whole Bacterial Cells

To assess the consequences of the LPS mutations on the
endotoxic activity of LPS, the potency of the purified LPS to
stimulate the human macrophage cell line MM6 for IL-6
production was tested. As compared with wild-type LPS,
purified LPS from the BP2331-mutant strain had a strongly
increased potency to stimulate the macrophages (FIG. 6 A). In
contrast, LPS from the BP2329-mutant strain had a reduced
potency to stimulate I[.-6 production, whereas LPS from the
BP2328 mutant was similarly active as wild-type LPS (FIG.
6A). Only at the two highest LPS concentrations tested, the
latter LPS was more active than wild-type LPS was. Consis-
tent with the data obtained with purified LPS, whole-cell
suspensions of the BP2331 mutant showed, as compared to
wild-type cells, a clearly increased potency to stimulate the
macrophages (FIG. 6B). However, also the BP2328-mutant
cells showed this effect (FIG. 6B), while BP2329-mutant
cells had similar activity as the wild-type cells in spite of their
less active purified LPS (FIG. 6A).

Discussion

The goal of the present study was to identify new LPS
glycosyltransferases in the B. pertussis genome. By using
sequences of known LPS glycosyltransferases as leads, we
were able to identify a four-gene operon. In a previous study,
in which the genome sequence of the poultry pathogen Bor-
detella avium was compared to the genome sequences of
other Bordetellae, an gene cluster homologous to the one here
identified was described as being involved in LPS biosynthe-
sis (Sebaihia et al., 2006). However, no functional studies
were reported which could confirm this assignment.

To study the role of this operon in B. pertussis LPS bio-
synthesis, we inactivated the putative glycosyltransferase
genes by allelic exchange and compared the LPS profiles of
the wild-type and mutant strains using Tricine-SDS-PAGE
and ESI-MS. Unexpectedly, we found that the wild-type
strain not only contained full-length B. pertussis LPS, but also
harboured a full-length species substituted with an extra hex-
osamine moiety, which, as we showed, was directly attached
to lipid A. Substitution of B. pertussis lipid A with hex-
osamine has previously not been observed and therefore rep-
resents a novel modification of B. pertussis lipid A.

The proposed truncated oligosaccharide structures for the
BP2328- and BP2329-mutant strains are summarised in FIG.
7. The most complete core OS structure in the BP2328 mutant
strain  consisted of  GalNA<Glc*GleN,*GlcA*Hep,*
P<Kdoelipid A-OH*HexN, indicating that the BP2328 mutant
strain lacks the terminal trisaccharide, a heptose residue, and
one of the GleN residues. This composition suggests that the
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BP2328-encoded protein functions as a GleN (1-4) to Gle
transferase (FIG. 7). Analysis of the BP2329-mutant LPS
showed that this LPS was further truncated and that its most
complete structure consisted of GlcN*GlcA<Hep,*Pe
Kdolipid A-OH*HexN. Since this structure misses the Glc to
which the second GIcN of the core OS should be connected,
the remaining GlcN residue present must be attached to the
second heptose. Therefore, this composition suggests that the
BP2329-encoded protein functions as a glucosyltransferase
that attaches Glc to the first heptose subunit (FIG. 7). This
would agree with the high homology of this gene product with
glucose (f1-4) heptose transferases, such as rfaK and 1gtF/
icsB, which were used to identify the gene in the first place.
The most complicated phenotype was observed in the case of
the BP2331 mutant. Although the protein shows high
sequence similarity to various LPS glycosyltransferases, full-
length B. pertussis LPS was still present in the mutant strain.
This observation suggests either that the BP2331 gene does
not encode an active LPS glycosyltransferase or that the
encoded enzyme shows redundancy. Consistent with this last
option, we have identified a gene, i.e., BP3671 with GenBank
Accession Number CAE43928, in the genome of B. pertussis
which encodes for a protein that shows 69% identity to the
BP2331-encoded protein. Albeit the LPS profiles of the wild-
type and BP2331-mutant strain were more or less compa-
rable, one striking observation was that the mutant LPS was
more heterogenic. Although the exact reason for this phenom-
enon remains to be elucidated, one possible explanation could
be that the BP2331 mutant somehow displays an increased
non-stoichiometrical substitution of its LPS, possibly with
hexosamine. Modification of lipid A with amino sugars has
been described in various bacteria, e.g., substitution with
4-aminoarabinose in E. coli and Salmonella (Trent et al.,
2001b), and with galactosamine in Francisella tularensis
(Phillips et al., 2004). The aminoarabinose pathway has been
studied in detail in E. coli and has been shown to involve the
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assembly of the sugar moiety on a separate undecaprenyl
phosphate carrier prior to its transfer to lipid A (Trent et al.,
2001a). Since it is conceivable that insertion of the kanamy-
cin-resistance cassette in BP2331 has increased the expres-
sion of the downstream BP2330 gene, one could speculate
that an increased BP2330 expression may have led to an
increased hexosamine modification of lipid A, and, conse-
quently, an increased LPS heterogeneity in the BP2331-mu-
tant cells. Supporting this interpretation is the increased level
of hexosamine modification in the BP2331 mutant, see Table
3.

After having addressed the structure of the LPS, purified
LPS and whole bacterial cells were tested for their ability to
induce maturation of DCs and to stimulate the production of
pro-inflammatory cytokines by human macrophages. The
results showed that, as compared to the wild-type strain, the
BP2331-mutant strain displayed an increased capacity to
induce DC maturation and pro-inflammatory cytokine pro-
duction. Similar outcomes were obtained with purified LPS.
In contrast, whole bacterial cells and purified LPS from the
BP2328- and BP2329-mutant strains displayed a similar and
decreased capacity to maturate DCs and stimulate macroph-
ages, respectively. These results show that alterations in LPS
core OS-composition differentially affect the biological
properties of B. pertussis LPS. From the perspective of vac-
cine development, this is an interesting finding, since this may
allow for the development of strains that more efficiently
prime immune responses. Furthermore, mutants that display
an increased LPS heterogeneity, such as the BP2331-mutant
strain, may elicit a larger variety of anti-LPS antibodies,
which, on itself, may positively influence vaccine efficacy.
The good correlation found between the level of DC and
macrophage activation on the one hand, and the degree of
hexosamine modification of lipid A on the other (see Table 3),
strongly suggests that the increased modification in the
BP2331 mutant is crucial in this regard.

TABLE 1

Bacterial strains and plasmids

Strain or plasmid Genotype or description

Source or reference

Strains

B. pertussis

B213 Streptomycin resistant derivative of B. pertussis strain Tohama Kasuga et al., 1953

B213 ABP2328 BP2328 mutant of strain B213, Str®, Km® This study

B213 ABP2329 BP2329 mutant of strain B213, Str®, Km® This study

B213 ABP2331 BP2331 mutant of strain B213, Strf, Km® This study

E. coli

TOP10F F'{lacl? Tn10 (Tet®)} merA A(mrr-hsdRMS-merBC) ®80lacZAM1S AlacX74 Invitrogen
deoR recAl araD139 A (ara-leu)7697 galU galK rpsL endAl nupG

DH5a F A(lacZYA-algF)U169 thi-1 hsdR17 gyrA96 recAl endAl supE44 relAl Hanahan, 1983
phoA ®80 dlacZAMI15

SM10(Apir) thi thr leu fhyA lacY supE recA::RP4-2-Tc::Mu A pir R6K Km® N.V.I

Plasmids

pGEM-T Easy E. coli cloning vector Amp® Promega

pUC4K E. coli vector harbouring kanamycin-resistance cassette, Amp® Km? Vieira and Messing, 1982

pSS1129 Allelic exchange vector, bla gen rpsL oriVColE1 oriT A cos Stibitz, 1994

pGEM-BP2328, pGEM-T Easy derivative harbouring BP2328 upstream sequence This study

pGEM-BP2328,,,,, pGEM-T Easy derivative harbouring BP2328 downstream sequence This study

pGEM-BP2329,, pGEM-T Easy derivative harbouring BP2329 upstream sequence This study

pGEM-BP2329,,.., pGEM-T Easy derivative harbouring BP2329 downstream sequence This study

pGEM-BP2331 pGEM-T Easy derivative harbouring BP2331 sequence This study

PSS1129-BP2328%,  pSS1129 derivative harbouring BP2328 knock out construct, Km® This study

pSS1129-BP2329,,  pSS1129 derivative harbouring BP2329 knock out construct, Km® This study

pSS1129-BP2331x,,  pSS1129 derivative harbouring BP2331 knock out construct, Km? This study

“Netherlands Vaccine Institute, Bilthoven, The Netherlands
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TABLE 2

Primers
Name Sequence (5'-3')¢
BP2328_FW,, TTCCGCACTTACTGGCTGAG SEQ ID NO: 5
BP2328_FWg,,,, GGATCCTCGCGGTACGACAGCACAT SEQ ID NO: 6
BP2328_REV,, GGATCCTGTTGCGCGAGATGCTGGAG SEQ ID NO: 7
BP2328_REV,,,,, CCTCATCGCCAAGGTCAATC SEQ ID NO: 8
BP2329_FW,, TCACCTTCGACGACGGATAC SEQ ID NO: 9
BP2329_FWg,,.,. GGATCCGTGCGCATCTACCTGATCC SEQ ID NO: 10
BP2329_REV,, GGATCCGAATCGACCACGATGAAC SEQ ID NO: 11
BP2329_REV,,,,, GATCCAGCTTGGCCTGGTTG SEQ ID NO: 12
BP2331_FW GTGACGTGGTGGTACATCAG SEQ ID NO: 13
BP2331_REV TGGTCTACCGCAGGAACAAT SEQ ID NO: 14

“BamHI restriction sites are underlined

TABLE 3

Negative ion ESI-MS data and proposed compositions for O-deacylated LPS of wild-type B.
pertussis and B. pertussis mutant strains BP2331, BP2328, and BP239. Average mass units
were used for calcuation of molecular mass values based on proposed compositions as
follows: glucose (Glc), 162.14; heptose (Hep), 192.17; 2-keto-3-deoxyoctulosonic acid (Kdo),
220.18; phosphate (P), 79.98; glucosamine (GlcN), 161.17; hexosamine (HexN), 161.17;
glucuronic acid (GlchA), 176.13; N-acetyl-glucosamine (GlcNAc), 203.19; 2-acetamido-4-N-
methyl-2,4-dideoxy-fucose (Fuc2NAc4NMe), 200.12; 2,3-acetamido-2,3-dideoxy-mannuronicacid
(Man2NAc3NAcA), 258.09; galactosaminuronic acid (GalNA), 175.13 and lipid A-OH, 953.02.
Table does not include sodium and potassium adducts and singly-charged lipid A-OH ions
(m/z 952 (M - H]7)).

Observed ions Molecular mass Relative
[m/z] [Da] abundance
Sample [M - 4H]*" [M - 3H]*" [M - 2HP?" ObservedCalculated [%] Proposed composition
WT 987.1 1976 .2 1975.8 16.6 Glc*GlcA*Hep,*P*Kdo*lipid A-OH
770.1 1155.0 2312.7 2312.1 12.8 GalNA*Glc*GlcN*GlcA*Hep,*P*Kdo*
lipid A-OH
888.3 2667.9 2665 .4 4.9 GalNA*Glc*GlcN,*GlcA*Hep;*P*Kdo®
lipid A-OH
811.1 1081.7 3248.3 3246.9 11.8 GlcNAc*Man2NAc3NAcA*Fuc2NAc4NMee
GalNA*Glc*GlcN,*GlcA*Hep;*Kdo*
lipid A-OH
831.4 1108.5 3329.0 3326.8 27.4 GlcNAc*Man2NAc3NAcA*Fuc2NAc4NMee

GalNA*Glc*GlcN,*GlcA*Hep;*P*Kdo*
lipid A-OH

9.8 GlcNAc*Man2NAc3NAcA*Fuc2NAc4NMee

GalNA*Glc*GlcN*GlcA*Hep;*P*Kdo*
lipid A-OH*HexN

1162.1 3489.3 3488.0 16.7 GlcNAc*Man2NAc3NAcA*Fuc2NAc4NMee

GalNA*Glc*GlcN,*GlcA*Hep;*P*Kdo®
lipid A-OH*HexN

BP2328 743 .6 1115.2 2233.1 2232.1 13.8 GalNA*Glc*GlcN*GlcA*Hep,*Kdo*
lipid A-OH
770.0 1155.1 2312.6 2312.1 46 .5 GalNA*Glc*GlcN*GlcA*Hep,*P*Kdo*
lipid A-OH
15.3 GalNA*Glc*GlcA*Hep,*P*Kdo*lipid
A-OH*HexN
823.7 1235.7 2473.8 2473.3 12.1 GalNA*Glc*GlcN*GlcA*Hep,*P*Kdo*
lipid A-OH*HexN
1034.6 2071.2 2070.8 6.7 GalNA*Glc*GlcA*Hep,*Kdo*lipid A-
OH
1074 .6 2151.2 2150.8 5.6 GalNA*Glc*GlcA*Hep,*P*Kdo*lipid

A-OH
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TABLE 3-continued

Negative ion ESI-MS data and proposed compositions for O-deacylated LPS of wild-type B.
pertussis and B. pertussis mutant strains BP2331, BP2328, and BP239. Average mass units
were used for calcuation of molecular mass values based on proposed compositions as
follows: glucose (Glc), 162.14; heptose (Hep), 192.17; 2-keto-3-deoxyoctulosonic acid (Kdo),
220.18; phosphate (P), 79.98; glucosamine (GlcN), 161.17; hexosamine (HexN), 161.17;
glucuronic acid (GlchA), 176.13; N-acetyl-glucosamine (GlcNAc), 203.19; 2-acetamido-4-N-
methyl-2,4-dideoxy-fucose (Fuc2NAc4NMe), 200.12; 2,3-acetamido-2,3-dideoxy-mannuronicacid
(Man2NAc3NAcA), 258.09; galactosaminuronic acid (GalNA), 175.13 and lipid A-OH, 953.02.
Table does not include sodium and potassium adducts and singly-charged lipid A-OH ions
(m/z 952 (M - H]7)).

Observed ions Molecular mass Relative
[m/z] [Da] abundance
Sample [M - 4H]*" [M - 3H]*" [M - 2HP?" ObservedCalculated [%] Proposed composition
BP2329 866.0 1734.0 1733. 8.6 GlcA*Hep,*Kdo*lipid A-OH
603.9 906.0 1814 .4 1813. 36.8 GlcA*Hep,*P*Kdo*lipid A-OH
657.6 986.6 1975.5 1974 . 28.8 GlcN*GlcA*Hep,*P*Kdo*lipid A-OH
8.4 GlcA*Hep,*P*Kdo*lipid A-OH*HexN
1067.1 2136.2 2136. 6.6 GlcN*GlcA*Hep,*P*Kdo*lipid A-OH®

BP2331 684.9 1027.5 2057 .4 2057.

711.5 1067 .4 2137.2 2137.

738.5 2218.5 2218.

765.2 1148.0 2298.3 2298.

1291 .6 2585.2 2585.

887.8 1332.0 2666.2 2665.

810.9 1081.7 3247.9 3246.

831.1 1108.3 3328.2 3326.

871.2 1162.0 3488.9 3488.

HexN

16.3 Glce*GlcN*GlcA®Hep,*Kdo*lipid A-

OH

4.3 Glc*GlcA*Hep,*Kdo*lipid A-OH®
HexN

6.4 Glce*GlcN*GlcA®Hep,*P*Kdo*lipid
A-OH

6.1 Glc*GlcA*Hep,*P*Kdo*lipid A-OH®
HexN

3.7 Glc*GlcN*GlcA*Hep,*Kdo*lipid A-
OH*HexN

6.3 Glc*GlcN*GlcA*Hep,*P*Kdo*lipid
A-OH*HexN

4.1 GalNA*Glc*GlcN,*GlcA*Hep;*Kdo*
lipid A-OH

4.9 GalNA*Glc*GlcN*GlcA*Hep;*Kdo®
lipid A-OH*HexN

5.6 GalNA*Glc*GlcN,*GlcA*Hep;*P*Kdo*
lipid A-OH

4.2 GalNA*Glc*GlcN*GlcA*Hep;*P*Kdo*
lipid A-OH*HexN

9.8 GlcNAc*Man2NAc3NAcA*Fuc2NAc4NMee
GalNA*Glc*GlcN,*GlcA*Hep;*Kdo*
lipid A-OH

11.7 GlcNAc*Man2NAc3NAcA*Fuc2NAc4NMee

GalNA*Glc*GlcN,*GlcA*Hep;*P*Kdo*
lipid A-OH

7.3 GlcNAc*Man2NAc3NAcA*Fuc2NAc4NMee
GalNA*Glc*GlcN*GlcA*Hep,;*P*Kdo*
lipid A-OH*HexN

9.3 GlcNAc*Man2NAc3NAcA*Fuc2NAc4NMee
GalNA*Glc*GlcN,*GlcA*Hep;*P*Kdo*
lipid A-OH*HexN
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 14

<210> SEQ ID NO 1

<211> LENGTH: 283

<212> TYPE: PRT

<213> ORGANISM: Bordetella pertussis
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<400> SEQUENCE:

Met Arg Asn Ala

1

Pro

Ile

Phe

Ile

65

Ile

Leu

Leu

Gly

Leu

145

Arg

Ile

Gly

Asp

Thr

225

Tyr

Ile

Lys

<210>
<211>
<212>
<213>

<400>

Ala

Ala

Ala

Thr

Leu

Leu

Pro

Arg

130

Ala

Trp

Val

Glu

Tyr

210

Asp

Arg

Trp

Ala

Gly

Ala

35

Ala

Phe

Gln

Gly

Pro

115

Ala

Ala

Asp

Gln

Val

195

Val

Ala

Phe

Leu

Trp
275

Met Arg Pro

1

Gly

Gly

Arg

Pro
65

Gln

His

Leu

50

Arg

Glu

His

35

Ala

Asn

Gly

20

Leu

Tyr

Asp

Arg

Asp

100

Ala

Asp

Gly

Lys

Glu

180

Ser

Gln

Leu

Ala
Ala
260

Lys

PRT

SEQUENCE :

Leu

Gly

20

Met

Glu

Tyr

1

Pro

Met

Ala

Leu

Asp

His

85

Gly

Pro

Glu

Thr

Gln

165

Leu

Asp

Ala

Gly

Val
245

Arg

Lys

SEQ ID NO 2
LENGTH:
TYPE :
ORGANISM: Bordetella pertussis

367

2

Arg

5

Arg

Glu

Ala

Leu

Asn

Ile

Arg

Asp

Gly

70

Gly

Pro

Asp

Val

Phe

150

Cys

Ala

His

Ala

Gln

230

Arg

His

Lys

Ile

Ile

Ala

Ser

Arg
70

Val

Ala

Ala

Gly

Tyr

Met

Ala

His

Met

135

Glu

Gly

Asp

Leu

Arg

215

Asn

Asn

Pro

Leu

Val

Phe

Ile

Phe

55

Gly

Pro

Ala

Gly

40

Ala

Leu

Lys

Arg

Asp

120

Leu

Val

Pro

Ser

Cys

200

Asp

Val

Arg

Trp

Arg
280

His

Lys

Cys

40

Thr

Val

Val

Thr

25

Tyr

Pro

Asn

Ala

Pro

105

Glu

Arg

His

Asp

Arg

185

Trp

Ala

Pro

Ala

Ile

265

Arg

Ser

Glu

25

Gln

Val

Leu

Leu

10

Pro

Arg

Val

Asn

Val

90

Cys

Ser

Trp

Ser

Val

170

Arg

Pro

Gly

Gly

Gly

250

Gly

Arg

Glu

10

Met

Pro

His

Ser

Met

Glu

Ser

Pro

Trp

75

Leu

Ala

Lys

Ser

His

155

Ala

Ala

Gln

Phe

Gly

235

Gly

Pro

Ala

Ala

Thr

Gln

Thr

Leu
75

Tyr

Val

Leu

Glu

60

Val

Phe

Gly

Arg

Glu

140

Thr

Ala

Leu

Gly

Arg

220

Asp

Trp

Arg

Ala

Ala

Ala

Leu

60

Arg

His

Phe

Gly

45

Lys

Tyr

Leu

Gln

Leu

125

Val

His

Lys

Gln

Tyr

205

His

Pro

Leu

Tyr

Thr

Met

Gln

45

Glu

Arg

His

Glu

30

Thr

Ser

Ala

Ile

Asp

110

Ile

Gln

Thr

Arg

Ala

190

Phe

Leu

Ala

Asn

His
270

Ser

Arg

30

Leu

Met

Leu

Val

15

Arg

Ala

Val

His

Thr

95

Gly

Ala

Ala

His

Ala

175

Arg

Asp

Tyr

His

Arg

255

Ala

Phe

15

Glu

Ala

Asp

Leu

Thr

Gln

Glu

Leu

Pro

80

Gly

Pro

Ala

Met

Thr

160

His

Leu

Ala

Thr

Ile

240

Arg

Trp

Gly

Arg

Arg

Gly

Arg
80



31

US 9,296,

-contin

995 B2

ued

32

Gln Gly Arg

Ile Ala Ala

Thr Arg His

115

Leu Pro His
130

Ile Glu Arg
145

Ile Val Leu

Gly Leu Ala

Ala Thr Lys
195

Ala Glu Arg
210

Met Phe Glu
225

Arg Ile His

Gly Phe Asp

Val Tyr Val
275

Val Gly Gly
290

Val Pro Val

Ile Asp Asp

Met Val Arg

Thr Glu Ala
355

<210> SEQ I
<211> LENGT.
<212> TYPE:

<213> ORGANISM: Bordetella pertussis

Tyr Asp Val Leu Asn

Ala Ala Gly Arg Leu

100

Leu Ser Asn Arg Val

120

Arg Val Thr Thr Val

135

Gly Val Pro Ala Gly
150

Pro Pro Pro Ile Glu

165

Ala Asp Asp Ile Val

180

Gly His Arg Glu Leu

200

Ala Asn Leu His Leu

215

Gln Thr Gln Ala Tyr
230

Leu Met Gly Thr Arg

245

Leu Phe Ala Leu Ala

260

Glu Ala Glu Ala Cys

280

Val Ser Glu Met Met

295

Asp Asp Pro Ala Ala
310

Arg Ala Leu Arg Arg

325

Asp Glu Lys Val Phe

340

Ile Tyr Arg Gln Trp

D NO 3
H: 852
DNA

<400> SEQUENCE: 3

atgcgtaacg

atgatcgeceg

taccgetege

aaatcggtge

atcctgeage

ggtCngCgC

gaaagcaagce

gtgcaggcca

cgctgggaca

cgcccaatgt

ccacgeccga

tgggcacggc

tgatcacctt

gccacggeat

ggcectgege

gectgatege

thtggngC

agcagtgcgg

360

cceggtgetyg

ggtgttcgaa

cgagttegec

cgacgacgga

gaaggccgtg

cgggcaggac

cgceggacge

gggcacctte

ccecegacgte

Thr

Ala

105

Gly

Ser

His

His

Val

185

Ile

Val

Val

Asn

Thr

265

Gly

Arg

Leu

Arg

Ala

345

Leu

His

Gly

Ser

Asp

Ile

Ser

170

Gly

Asp

Phe

Ala

Asp

250

Arg

Leu

Asp

Gly

Met

330

Pro

Ala

Ser

Thr

Leu

His

Ala

155

Thr

Cys

Ala

Val

Glu

235

Val

Gln

Pro

Gly

Ala

315

Gly

Glu

Glu

atgtaccacc

cggcagateg

gectacetgyg

tacctgaaca

ctgttectga

gggCCgCth

gccgacgagy

gaggtgcatt

gecgecaage

Arg Arg Asp
Pro Leu Ile
110

Trp Ser Tyr
125

Val Arg Gln
140

Thr Val Tyr

Leu Arg Gly

Val Ala Val
190

Met Arg Pro
205

Gly Gly Gly
220

Leu Gly Leu

Pro Asn Leu

Glu Ala Ser
270

Val Val Gly
285

Glu Thr Gly
300

Ala Leu Arg

Glu Ala Gly

Arg Leu Ala
350

Arg Gly His
365

acgtcaccce
cegegetgge
acggcgeece
actgggtgta
tcaccggect
cgeceegegece
tcatgetgeg
cgcacaccca

gegeccatat

Thr Val
95

Val Arg

Thr Gly

His Leu

Ser Pro
160

Glu Leu
175

Met Arg

Leu Met

Ser Pro

Gln Ala
240

Leu Ala
255

Gly Thr

Thr Asp

Ile Leu

Arg Leu
320

Arg Arg
335

Glu Arg

Ala

ggeeggegge
gegggecgge
ggtgceccgag
tgcccaccey
getgggegat
cgaccacgac
ctggagcgaa
tacccatacg

cgtccaggag

60

120

180

240

300

360

420

480

540
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-continued
ctggecgatt cgcgecggge getgcaggece cggetgggeyg aggtcagega ccacctgtge 600
tggceccagg gctatttega cgccgactat gtgcaggegyg cgegegacge cggetttege 660
catctctaca ccaccgacge cctgggecag aacgtcecegyg geggcgatcece cgcacacata 720
taccgetteg cggtgegcaa ccgcgecgge ggetggcetea accgecgeat ctggetggeg 780
cgcecatcect ggateggece gegctatcac gectggaagg cctggaagaa aaagcetgagg 840
aggcgcgcat ga 852
<210> SEQ ID NO 4
<211> LENGTH: 1104
<212> TYPE: DNA
<213> ORGANISM: Bordetella pertussis
<400> SEQUENCE: 4
atgcggcecat tgcgtatcgt gcattccgaa gecgecacca gttteggegyg ccaggaaggg 60
cgcatecttca aggaaatgac ggccatgege gagegceggece atcacatgga ggcgatctge 120
cagcegcagg cccagetgge gegcecgectg gecgaggeca gcettcacegt gcacacgetg 180
gaaatggacyg ggccgegcaa ttacctgege ggegtgetga gectgegecg cetgetgege 240
cagggccget acgacgtgct gaacacgcac agecggcegeg ataccgtgat cgcecgeggece 300
geeggecegge tggegggcac gcecgetgate gtgegtacce gecacctgte caacagggtce 360
ggctegetet ggtectatac cgggetgecg caccgegtca ccacggtcag cgaccacgtyg 420
cgccagcace tcatcgaacg cggcgtacce gecggcecata tegecacggt gtattcgece 480
atcgtgetge cgccteccat cgaacacteg accctgegeyg gegagetggyg cctggeggece 540
gacgatatcyg tggtcggetyg cgtggeggtg atgcegegeca ccaaggggca ccgcgaacte 600
atcgacgcca tgcggecget gatggecgag cgtgccaace tgcacctggt gttegtegge 660
ggeggetege cgatgttcega gcagacccag gectacgtgg cegaactggg cctgcaggeg 720
cgcatccace tgatgggcac gcgcaacgac gtccccaace tgctggeegyg tttegacctg 780
ttegecctgg ccaccegeca ggaggctteg ggcaccgtet atgtegagge cgaagectgt 840
ggectgeegy tegteggcac cgacgtggge ggcegtgteceg agatgatgeg cgatggcegag 900
accggcatcee tggtgecggt ggacgacceg geggegetgg gegecgeget gegecgectg 960
atcgacgace gcgegttgeg gegcecgeatyg ggcgaggecyg gecggcegeat ggtgegegac 1020
gaaaaggtct tcgegeccga acggetggcece gagcegcacceg aggccatcta ceggcagtgg 1080
ctggcggagce gcggccatge gtaa 1104
<210> SEQ ID NO 5
<211> LENGTH: 20
<212> TYPE: DNA
<213> ORGANISM: artificial
<220> FEATURE:
<223> OTHER INFORMATION: primer
<400> SEQUENCE: 5
ttccgecactt actggctgag 20

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 6

LENGTH: 25

TYPE: DNA

ORGANISM: artificial
FEATURE:

OTHER INFORMATION: primer
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<400> SEQUENCE: 6

ggatcctege ggtacgacag cacat

<210> SEQ ID NO 7

<211> LENGTH: 26

<212> TYPE: DNA

<213> ORGANISM: artificial
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 7

ggatcctgtt gegcgagatyg ctggag

<210> SEQ ID NO 8

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: artificial
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 8

cctecategee aaggtcaatce

<210> SEQ ID NO 9

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: artificial
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 9

tcaccttega cgacggatac

<210> SEQ ID NO 10

<211> LENGTH: 25

<212> TYPE: DNA

<213> ORGANISM: artificial
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 10

ggatcegtge gcatctacct gatce

<210> SEQ ID NO 11

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: artificial
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 11

ggatccgaat cgaccacgat gaac
<210> SEQ ID NO 12

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: artificial
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 12

gatccagett ggectggttyg

25

26

20

20

25

24

20
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-continued

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 13
LENGTH: 20
TYPE: DNA
ORGANISM:
FEATURE:
OTHER INFORMATION: primer

artificial

<400> SEQUENCE: 13

gtgacgtggt ggtacatcag

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 14
LENGTH: 20
TYPE: DNA
ORGANISM:
FEATURE:
OTHER INFORMATION: primer

artificial

<400> SEQUENCE: 14

tggtctaccyg caggaacaat

20

20

The invention claimed is:
1. A mutant cell of a wild-type parental Bordetella pertus-
sis cell, of a wild-type parental Bordetella bronchiseptica
cell, or of a wild-type parental Bordetella parapertussis cell
comprising a mutated nucleic acid sequence, wherein:
(a) the wild-type Bordetella pertussis cell, the wild-type
Bordetella bronchiseptica cell, or the wild-type Borde-
tella parapertussis cell comprises an endogenous
nucleic acid sequence encoding an endogenous
lipopolysaccharide (LPS) glycosyltransferase polypep-
tide, wherein the polypeptide has at least 99% sequence
identity with SEQ ID NO: 2 and
(b) the mutated nucleic acid sequence
(1) encodes a mutant LPS glycosyltransferase polypep-
tide having glycosyltransferase enzymatic activity
that is at least 3% lower compared to the glycosyl-
transferase enzymatic activity of the endogenous LPS
glycosyltransferase polypeptide of (a), or

(ii) results in production of at least 3% less of the endog-
enous LPS glycosyltransferase polypeptide of (a) by
the mutant cell compared to the production of the
endogenous LPS glycosyltransferase polypeptide of
(a) by the wild-type Bordetella pertussis cell, the
wild-type Bordetella bronchiseptica cell, or the wild-
type Bordetella parapertussis cell when cultivated
under the same culture conditions,

wherein, compared to the wild-type parental cell, the
mutant cell induces increased immune stimulation as
determined by activation of human dendritic cells or
stimulation of human macrophages.

2. The mutant cell of claim 1, wherein the endogenous

nucleic acid sequence is mutated by insertional inactivation.

3. The mutant cell of claim 1, in which the mutant LPS
glycosyltransferase polypeptide does not exhibit any detect-
able glycosyltransferase enzymatic activity.

4. The mutant cell of claim 1, wherein the amino acid
sequence of said polypeptide is SEQ ID NO: 2.
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5. A pharmaceutical composition comprising the mutant
cell of claim 1 and a pharmaceutically acceptable carrier.

6. A pharmaceutical composition comprising the mutant
cell of claim 4 and a pharmaceutically acceptable carrier.

7. The pharmaceutical composition of claim 5, further
comprising an antigen.

8. The mutant cell of claim 1, wherein the LPS glycosyl-
transferase polypeptide of (a) produced by the mutant cell is
at least 90% less compared to that produced by the wild-type
Bordetella pertussis cell, the wild-type Bordetella bron-
chiseptica cell, orthe wild-type Bordetella parapertussis cell.

9. The mutant cell of claim 8, wherein the amino acid
sequence of said polypeptide is SEQ ID NO: 2.

10. A pharmaceutical composition comprising the mutant
cell of claim 8 and a pharmaceutically acceptable carrier.

11. A pharmaceutical composition comprising the mutant
cell of claim 9 and a pharmaceutically acceptable carrier.

12. The pharmaceutical composition of claim 10, further
comprising an antigen.

13. A method of inducing an immune response to an anti-
gen in a mammalian subject comprising administering to the
subject the pharmaceutical composition of claim 7.

14. The pharmaceutical composition of claim 6, further
comprising an antigen.

15. The pharmaceutical composition of claim 11, further
comprising an antigen.

16. A method of inducing an immune response to an anti-
gen in a mammalian subject comprising administering to the
subject the pharmaceutical composition of claim 12.

17. A method of inducing an immune response to an anti-
gen in a mammalian subject comprising administering to the
subject the pharmaceutical composition of claim 14.

18. A method of inducing an immune response to an anti-
gen in a mammalian subject comprising administering to the
subject the pharmaceutical composition of claim 15.
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